[1] The distinct chemical behavior of Lu and Hf can limit complete sample dissolution and spike-sample equilibration. Here we investigate the effects that four dissolution methods (hotplate, low-temperature microwave, high-temperature microwave, and steel-jacketed Parr bomb) have on the Sm-Nd and Lu-Hf isotope compositions of rocks. Any of the dissolution methods produce high-quality Sm-Nd isotope data, and hotplate dissolution of young, volcanic rocks produces adequate Lu-Hf data. Hf ratios. Our results show that for Lu-Hf isotope studies of rocks of any significant age, the errors in calculated initial e Hf values may exceed 10 e Hf units if complete dissolution and spike-sample equilibration are not attained for garnet-or zircon-bearing rocks. High-temperature and pressure dissolution such as that which can be achieved through Parr-bomb dissolution is critical to ensure complete dissolution of refractory phases such as garnet or zircon.
Introduction
[2] The application of the Lu-Hf isotope system to studies of the sources of magmas and crust and mantle evolution, due to the unique contributions this isotope system may make in constraining melting mineralogy, subducted sediment lithology, and relative element mobility, is well-known [e.g., White and Patchett, 1984; White et al., 1986; Salters and Hart, 1989; Salters and White, 1998; Jicha et al., 2004] . Hafnium isotope determinations on unspiked, young, volcanic rocks typically require no special dissolution techniques because these types of rocks usually do not contain refractory phases such as zircon, rutile, or garnet and the constituent minerals should have the same 176 Hf/ 177 Hf isotope ratios [e.g., Münker et al., 2001] . Obtaining reliable Lu-Hf isotope data from whole-rock samples that are spiked, old, or contain refractory minerals such as zircon, rutile, or garnet, however, is more difficult because complete dissolution and spikesample equilibration must be attained [Patchett and Tatsumoto, 1980; Scherer et al., 1997] . Such issues bear on application of the Lu-Hf isotope system to understanding planetary and lunar evolution [Unruh et al., 1984; Beard et al., 1998; Blichert-Toft et al., 1999; Patchett et al., 2004] , terrestrial mantle-crust chemical evolution Salters and Hart, 1991; Johnson and Beard, 1993; Johnson, 1993, 1997; Vervoort and Blichert-Toft, 1999; Amelin et al., 2000] , and geochronology [Duchêne et al., 1997; Scherer et al., 1997; Barfod et al., 2003; Lapen et al., 2003; Anczkiewicz et al., 2004] .
[3] The contrasting chemical behavior of Lu and Hf has long been recognized to pose challenges to Lu-Hf isotope analysis that are distinct from, for example, the Sm-Nd system [e.g., Patchett and Tatsumoto, 1980; Unruh et al., 1984; Barovich et al., 1995; Lapen et al., 2004] . Neodymium and samarium, both rare earth elements, and lutetium, the heaviest of the rare earth elements, are soluble in HCl and insoluble in HF, whereas hafnium, a high-field strength element, is soluble in HF and relatively insoluble in HCl. This disparate chemical behavior of Lu and Hf potentially leads to incomplete equilibration of spike and sample if the HF and/or HCl digestion steps fail to completely dissolve the sample. Furthermore, incomplete sample dissolution and spike-sample equilibration may lead to errors in the 176 Hf systematics that are critical to retain when studying ancient samples. Here we focus on analytical issues associated with whole-rock Lu-Hf isotope analysis, and we highlight the critical importance of digestion methods. In a recent Lu-Hf study of komatiites, for example, whole-rock samples dissolved using Teflon beakers on a hotplate had much different Hf concentrations and calculated initial 176 Hf/ 177 Hf ratios than bomb-dissolved equivalent samples [Blichert-Toft et al., 2004] , stressing the importance of sample dissolution. In this contribution, we compare different dissolution methods for analysis of Lu, Hf, Sm, and Nd on whole-rock samples of different lithology and age. We demonstrate, in detail, the critical nature of complete sample dissolution for Lu-Hf analyses, particularly for garnet-or zircon-bearing rocks.
Sample Descriptions
[4] Samples were selected for this study on the basis of lithology and age, with an emphasis on eclogitic rocks from various localities because these samples were subject to parallel Lu-Hf geochronology studies; sample descriptions are provided in Table 1 . Four volcanic rocks were selected because they are young and are unlikely to contain resistant phases such as zircon, garnet, or rutile. Eclogites were selected because they contain the refractory mineral garnet and may potentially also have rutile and zircon. Five samples were selected because they contain zircon, contain old continental crustal material, or are plutonic rocks that would present more challenges for dissolution than volcanic rocks. Hf ratios as compared to dissolution methods using a Parr bomb [e.g., Blichert-Toft et al., 2004] to those found in this study. Four procedures (Parr bomb, 175°C microwave, 200°C microwave, and hotplate dissolution) were carried out on samples from Table 1 to explore the possible effects of incomplete dissolution or spike-sample equilibration. The specific procedures for these four methods are described Hf ratio, which allows robust spike subtraction from sample isotope compositions [e.g., Scherer et al., 1997; Lapen et al., 2004] .
Dissolution Methods
[6] After the final HCl dry down (Table 2) , all samples were prepared for Ln Spec column chemistry by drying down repeatedly in 5 mL 14M HNO 3 , followed by 5 mL 8M HCl, at $110°C until the samples visually appeared clear. Some of the garnet-and zircon-bearing samples remained cloudy or had minor traces of material in the beakers after the typical 3-4 dry-downs, requiring up to six dry-downs each of HNO 3 and HCl to reduce the amount of cloudy fluorides present. Normal practice in our lab would be to centrifuge the solution and re-attack the undissolved material with HF-HNO 3 followed by HCl digestion, and combine with the original solution prior to the HNO 3 and HCl dry-downs. However, because the purpose of this study was to compare these dissolution methods at face-value, all samples were a All dissolution methods were preceded by an initial dry-down of sample and spike with $3 mL 29M HF in a Savillex beaker to reduce sample mass by fuming off silica.
b All steps were followed by a dry-down before the next attack, unless noted. c Microwave dissolutions utilized an Ethos D series Milestone Microwave Labstation designed to hold up to 12 -100 mL TFM-Teflon sample vessels in a segmented rotor assembly. During the microwave session, power is continually increased or decreased on the basis of conditions in a reference vessel that contains a temperature-monitoring probe. The reference vessel contained a representative sample to accurately represent the conditions in the other vessels. prepared for Ln Spec chemistry by bombing overnight in 5.1 mL of 6M HCl in Parr bombs after the HNO 3 and HCl dry-downs. These solutions were centrifuged and 5 mL of material was loaded on to the Ln Spec columns. Visual inspection showed that the remaining 100 ml of HCl solutions were clear indicating that insoluble fluorides had been dissolved and that differences between Parr-bomb dissolution and other methods must be a result of spike-sample equilibration issues or minerals resistant to HF attack at low pressures/temperatures. Nd ratio of 0.512647 ± 13 (2s, n = 7), and an internal laboratory standard, Ames-UW II, yielded 0.511985 ± 9 (2s, n = 23 [Jacobsen and Wasserburg, 1980] ; the decay constant used for 147 Sm is 6.54 Â 10 À12 year À1 . Total procedural blanks for Sm, Nd, Lu, and Hf were less than 50, 180, 80, and 150 pg, respectively, which are insignificant. [9] In contrast to the results from volcanic rocks, Hf and Lu concentrations for the microwave and hotplate dissolution methods for garnet-bearing rocks yield dramatic differences relative to Parr concentrations (Figures 1a and 1b) . Moreover, the range in Lu/Hf elemental ratios produced by the different dissolution methods is extreme relative to Parr values ( Figure 1c) ; however, because a mixed spike was used, these deviations are not the product of weighing errors. It is noteworthy that the 200°C microwave method showed less deviation than the 175°C microwave dissolution method. Nd ratios, suggesting sample heterogeneity in the relative proportion of garnet in different dissolutions.
Results
[11] Garnet-bearing samples generally yield significantly different e Hf values relative to those obtained from Parr-bomb dissolution for all dissolution methods (Figure 3b) . Measured, e Nd values for the garnet-bearing rocks for all dissolution methods lie within analytical error (Figure 3d ).
[12] Zircon-bearing rocks yield deviations in Hf and Lu concentrations from Parr values that vary moderately for the 200°C microwave method and that vary significantly for the 175°C microwave and hotplate dissolution methods (Figures 1a and  1b) . The Lu/Hf elemental ratios are highly variable using the different dissolution methods ( Figure 1c) ; this variability, however, is not the result of weighing errors because a mixed Lu-Hf spike was used. There is relatively little variation in Sm and Nd contents obtained by the different dissolution methods for zircon-bearing and plutonic rocks (Figure 2) . Some of the higher variability in Sm and Nd concentrations for the zircon-bearing rocks relative to Parr values may reflect weighing errors. The relatively large range in Sm/Nd ratios for the plutonic zircon-bearing samples relative to Parr values is significantly larger than analytical errors (Figure 2c ), although because a mixed spike was used this cannot be attributed to weighing errors. Variability in Sm/Nd ratios is not correlated with 143 Nd/ 144 Nd ratios; the origin in the Sm/Nd variability between different dissolutions is unknown.
[13] e Hf values determined for the zircon-bearing and plutonic samples using 200°C microwave dissolution produced minor deviations relative to Parr data, whereas the 175°C microwave and hotplate methods produced strong deviations in e Hf values (Figure 3c) . USGS rock standards G-2 and STM-1 yield consistent e Hf values regardless of dissolution method within analytical error (Figure 3c ). For all dissolution methods for zircon-bearing and plutonic samples, e Nd values lie within ±0.6 e Nd units relative to Parr values (Figure 3d ).
Discussion
[14] The large deviations from the Parr-bomb method in both Lu and Hf contents and measured 176 Hf/ 177 Hf ratios for the garnet-and zircon-bearing samples, as well as the plutonic rocks, using microwave or hotplate dissolution methods may be explained by incomplete dissolution of all mineral phases or incomplete spike-sample equilibration, or a combination of both. In the case of incomplete sample dissolution but complete spike-sample equilibration, 176 Lu/
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Hf variations should be correlated for samples of significant age, Table 3 for data. where the data should plot along an isochron of the crystallization age of the sample.
[15] To test for incomplete sample dissolution (or sample heterogeneity), the 176 Lu/ 177 Hf ratios, expressed as f Lu/Hf , for the samples determined by Parr dissolution are compared to those determined by microwave and hotplate dissolution (Figure 4 , where f Lu/Hf is the chondrite normalized 176 Lu/ 177 Hf ratio minus unity, and f Sm/Nd is analogous). Garnet-bearing rocks display a prominent trend of highly elevated 176 Lu/ 177 Hf ratios for 175°C microwave and hotplate dissolutions compared to the Parr-determined data (Figure 4b) , and zircon-bearing samples GSP-1 and SDC-1 also have elevated 176 Lu/ 177 Hf ratios for analyses obtained by hotplate dissolution (Figure 4c ). In contrast, the 147 Sm/ 144 Nd ratio for any sample set, regardless of dissolution method, is within 0.25% of one another, which is the external reproducibility determined by seven replicate analyses of the BCR-1 rock standard and plots outside the scale in Figure 4d .
[ Hf isochrons, are shown in Figure 5 . The ages for each of the volcanic rocks were taken from the literature, Alpine and Greek eclogite ages were estimated to be $48 Ma [Lapen et al., 2003; Putlitz et al., 2005; Lagos et al., 2007] , and ages for the zircon-bearing and plutonic samples were taken from their crystallization ages from the literature or in the case of sediments (MAG-1, SDC-1), model ages were Hf ratios (SDC-1) may be the result of incomplete spike-sample equilibration in the presence of zircon and garnet ( Figure 5) Hf ratios, similar to sample SDC-1 ( Figure 5 ); as will be discussed below, this effect is best explained by incomplete spikesample equilibration.
Zircon-Bearing and Plutonic Rocks
[17] Incomplete spike-sample equilibration will produce anomalously high 176 Lu/ 177 Hf ratios if Hf isotope equilibration does not occur. However, the causes of incomplete spike-sample equilibration may be more difficult to identify, and therefore to resolve, for the Lu-Hf isotope system in contrast to other isotope systems. The isotope equilibration problem can affect the Re-Os system, for example, if samples are not completely dissolved and if the highest oxidation state for all Os (spike and normal) is not achieved during dissolution [Luck and Allègre, 1983; Becker et al., 2006] . For Lu-Hf, the cause of incomplete spike sample equilibration may include complexation of Hf with fluorides and/or polymerization of Zr and Hf during the dissolution process [Strelow and Bothma, 1967] , where Hf from the spike does not complex in the same manner as Hf dissolved from the sample. Polymerization can be increasingly problematic for samples that reside in dilute acids or samples that do not remain at high temperatures (!175°C) prior Hf ratio is not the origin of incomplete spike-sample equilibration for these samples. Rather, the lack of equilibration is a reflection of differences in the way that Lu and Hf behave in solid versus aqueous form. Indeed, one would predict that the practice of splitting a sample into a spiked isotope-dilution aliquot and an unspiked isotope-composition aliquot would be more likely to produce variable results because of the possibility of differences in liquid-solid equilibrations between the two aliquots.
[19] The relative contributions of incomplete sample dissolution and spike-sample equilibration are illustrated on a conventional 176 Lu/ 177 Hf À 176 Hf/ 177 Hf isochron diagram ( Figure 6 ). Data from the four dissolution methods for eclogite sample 96JA-37b appear to plot along a 48 Ma reference isochron (Figure 6a ), suggesting this is a case of incomplete sample dissolution with complete spike-sample equilibration. The data from the remaining four eclogites, however, do not lie along a reference isochron; the scattered data tend to define a line representing a younger age and higher initial 176 Hf/ 177 Hf ratios than the true isochron, and this effect is most pronounced for data obtained using hotplate dissolution (Figures 6b through 6e) . Data that plot to the right of the isochron (high Hf/ 177 Hf) strongly suggest a combination of incomplete sample dissolution and incomplete spike-sample equilibration.
[20] Each of the four zircon-bearing or plutonic samples produced slightly different results (Figures 6f  through 6i ). The G-2 granite produced consistent 176 Hf/ 177 Hf ratios and has very little spread in Hf ratios as a function of dissolution method (Figure 6f ). The data for GSP-1, although scattering about the estimated isochron of 1590 Ma (Figure 6g) Hf ratios, and this produces an isochron plot (Figure 6h ) where hotplate and 175°C microwave data points both plot above the isochron line, which we interpret to reflect incomplete dissolution of zircon. The distribution of data for sample SDC-1 (Figure 6i ) is similar to that of the eclogites, where hotplate dissolution produces data that lie to the right of the isochron.
[21] Although it is understood by many that zirconand garnet-bearing samples require use of pressurized Hf ratios relative to dissolution in Parr bombs. We interpret these to be diagnostic of incomplete sample dissolution and incomplete spike-sample equilibration during dissolution for these lithologies. Hf ratios are particularly large for zircon-and garnet-bearing samples that have been dissolved on hotplates relative to samples dissolved in Parr bombs. Discrepancies introduced by incomplete sample dissolution and incomplete spike-sample equilibration will be most significant for very old samples, and we illustrate the magnitude of these effects in Figure 7 . The f Lu/Hf ratios and initial 176 Hf/ 177 Hf ratios, calculated from present-day to 1 Ga, 2 Ga, and 3 Ga ages and expressed as e Hf values, for the different dissolution methods are compared to Parr data; presentday isotope compositions used in the initial 176 Hf/ 177 Hf calculations for Figure 7 are representative of data measured in our study. As discussed above, large differences in the 176 Hf ratios at 1, 2, and 3 Ga ages are as high as 4 e Hf units for 175°C microwave and 65 e Hf units for hotplate dissolution methods for zircon-bearing rocks or plutonic rocks compared to Parr-bomb data. Assuming an age of 3 Ga, for garnet-bearing samples, initial 176 Hf/ 177 Hf ratios may have deviations as high as 400 e Hf units for 175°C microwave dissolution and over 600 e Hf units for hotplate dissolutions compared to Parr-bomb data of the same age. These calculations illustrate the severe effects incomplete sample dissolution and spike-sample equilibration will have on Lu-Hf isotope studies of ancient rocks.
Conclusions
[22] Since the pioneering efforts by Patchett and Tatsumoto [1980] in Lu-Hf isotope analysis, it has long been known that complete sample dissolution and spike-sample equilibration is a challenging but critical issue for the Lu-Hf isotope system. With the high sample throughput that MC-ICP-MS offers, fast dissolution methods, such as the hotplate method, can be attractive. However, even for metavolcanic rocks, hotplate dissolutions including Hf ratios are associated with samples processed using hotplate dissolution, where, at 3 Ga, errors of >600 e Hf units are produced using the data from this study. Smaller, but still very large, errors are produced using microwave dissolution methods. Hf reference isochron. We speculate that because all samples were subjected to an overnight treatment in HCl in Parr bombs that it is the prolonged dissolution in HF at high temperature and pressure afforded by Parr-bomb dissolution that allows complete spike-sample equilibration and dissolution of refractory minerals.
